Protein splicing technology harnesses the ability of inteins to ligate protein fragments, forming a mature protein. This report describes our effort to engineer rapamycin-dependent protein splicing of a ribotoxin, called a-sarcin. Engineering this system required the investigation of important splicing parameters, including extein context and splicing temperature. We show a-sarcin splicing is dependent on rapamycin, is inducible with rapid kinetics, and triggers apoptosis in HeLa cells. These findings establish a proof-ofconcept for a conditional cell ablation strategy.
Introduction
Selective cell ablation at key stages of development is an important strategy used to address questions related to cell autonomy, lineage, and tissue regeneration. [1] [2] [3] [4] The strategy is also relevant for therapeutic interventions, such as eliminating tumor and transplanted cells. [5] [6] [7] [8] [9] In each of these examples, cell ablation can be achieved through regulated expression of a suicide gene in a specific population of cells using tissue-specific or inducible promoters. However, this approach is limited by slow induction of cell ablation, which prevents the investigation of many developmental questions. Greater temporal control can be achieved through the use of pro-drug converting enzymes, such as herpes simplex thymidine kinase or cytosine deaminase. 9 These enzymes activate a pro-drug to trigger cell death, and the timing is controlled by addition of the pro-drug. However, the action of many drugs created by these enzymes requires actively dividing target cells. 9 Other cell ablation strategies, such as expression of bacterial nitroreductase and pro-drug CB1954/ MTZ, are able to kill non-dividing cells, but require high levels of enzyme expression. 10 Therefore, an efficient inducible cell ablation method that rapidly eliminates both dividing and nondividing cells is desirable. In this study, we determined whether conditional protein splicing could be used as a strategy to tightly regulate cell ablation. Conditional protein splicing utilizes inteins, which are selfexcising protein sequences that remove themselves from a precursor protein and concurrently splice together flanking protein sequences, called exteins. 11 This process can be used to regulate protein function in live cells with rapid kinetic resolution. 11 Splicing typically requires two sequence determinants:
a cysteine or serine within the intein sequence at the N-terminal extein-intein splice junction, and a histidine-asparagine dipeptide sequence at the C-terminal intein-extein splice junction, immediately followed by a cysteine, serine, or threonine as the first C-terminal extein residue. 12 Flanking residues within the N-terminal and C-terminal extein sequences also influence splicing efficiency, 13, 14 and many inteins can accommodate a variety of extein sequences and still splice effectively. 15, 16 Intein activity may also be regulated by changes in structure and folding. Some inteins occur naturally as split trans-splicing elements, and alternatively, cis-splicing inteins can be artificially split by recombinant methods. 17, 18 Splicing mediated by split inteins is contingent on reconstitution of the native intein fold upon re-association of the intein fragments. By fusing split intein fragments with low re-association affinities to protein (hetero) dimerization domains, splicing becomes conditional on the addition of a dimerizing agent and the consequent re-association of intein fragments. 11, 19 Two such varieties of conditional protein splicing have been described for splicing proteins in cultured mammalian cells: an estrogen receptor-hydroxytamoxifen system 20, 21 and an FKBP-rapamycin-FRB system. 11, 19 Examples of spliced functional proteins in physiological systems have largely been limited to reporter proteins (e.g., luciferase or GFP). 11, 19, [22] [23] [24] [25] To date, demonstrations of splicing non-reporter proteins in live cells has been limited 20, 26, 27 and the approach has not been adapted for cell ablation studies. Several limitations have slowed the broad applicability of protein splicing, including a minimum requirement for a naturally occurring (or artificially installed) cysteine, serine, or threonine at the C-terminal intein-extein splice junction, as well as the possible requirement of installing splicing-permissive extein mutations that may destabilize or inactivate the spliced target protein. 13, 26 We investigated each of these limitations while developing our splicing-mediated cell ablation method. We envisioned a strategy in which the cytotoxicity of a protein toxin is regulated by protein splicing, such that addition of a dimerizing agent rapidly activates the toxin. The ability to inducibly trigger toxin activity should be valuable in genetic, developmental, and therapeutic studies where one wants to eliminate specific cells with precise temporal and spatial resolution. To test our concept, we chose a ribonuclease named a-sarcin, which is cytotoxic to many tumor cell lines as well as dividing and non-dividing cells. [28] [29] [30] Using rational design and molecular biology, we recombinantly split a-sarcin into non-toxic fragments and generated a system to splice the fragments together upon addition of rapamycin. Our demonstration of conditional splicing of a-sarcin adds to the limited number of proteins effectively spliced together in live cells and serves as a proof-of-concept for a conditional cell ablation strategy.
Materials and methods

Molecular biology and construct design
All restriction enzymes, DNA polymerase, and DNA ligase were purchased from New England Biolabs. The a-sarcin gene was initially assembled by annealing complimentary oligonucleotides (Operon) and was subsequently used as a template to PCR amplify its gene fragments. Desired splice junctions were generated by overlap extension PCR and full-length gene fusions, X-VMA N -FKBP and FRB-VMA C -Y were cloned into pcDNA3 plasmids via BamHI/ XhoI and HindIII/XhoI, respectively (X = NSar, NGFP, or MBP; Y = CSar, CGFP, or polyHis). All constructs were verified by sequence analysis.
Cell culture and transfections
HeLa cells were grown in DMEM supplemented with 10% FBS and penicillin/streptomycin (100 mg ml À1 each) at 37 1C and 5.0% CO 2 . Cells were seeded at a density of 3.0 Â 10 5 cells per well on 6-well plates. After 24 hours, transfections were performed with designated plasmids using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Transfected cells were treated with 10 nM rapamycin (unless otherwise stated) or DMSO, 24 hours post transfection. After rapamycin addition, cells were incubated at 30 1C for 12 hours before being processed for induction of apoptosis.
Immunoblotting
Whole cell lysates were prepared with 1Â SDS-PAGE sample buffer (62.5 mM Tris pH 6.8, 2% (w/v) SDS, 75 mM DTT, 7.5% glycerol, 0.02% bromophenol blue) and heated at 95 1C for ten minutes prior to electrophoresis. Protein samples were resolved through 11% SDS-PAGE gels and transferred to nitrocellulose membranes (0.45 mm) using transfer buffer (25 mM Tris pH 8.3, 192 mM glycine, 20% (w/v) methanol). Anti-GFP (Roche), anti-FLAG (Stratagene), and anti-b-actin antibodies (Sigma) were used at working dilutions of 1 : 4000 or 1 : 5000. Anti-mouse IgG horseradish peroxidase was used as a secondary antibody/ detection system (R and D systems) at a working dilution of 1 : 8000 to 1 : 10 000. Proteins were detected using an enhanced chemiluminescence immunoblotting detection system (Amersham). Blots were exposed to film and developed using an automated X-ray film developer. Lysate from HeLa cells expressing a non-toxic 3xFLAG-sarcin was used as an electrophoretic mobility standard for spliced 3xFLAG-sarcin. 
Cell viability assay
Apoptosis assay
Apoptosis assays were performed using an annexin V-FITC apoptosis Kit (BD Biosciences) and cytometric analysis was conducted on a BD FACSCalibur cytometer. 
Results
To test whether conditional protein splicing could be used to produce a-sarcin inside mammalian cells, we generated 3-part splicing constructs. First, we cloned the a-sarcin N-terminal fragment (NSar, amino acids 1-27) in frame with the N-terminal VMA intein fragment (VMA N ) ( Fig. 1A and B) . Second, the C-terminal fragment of a-sarcin (CSar, amino acids 28-150) was cloned in frame with the C-terminal VMA intein fragment (VMA C ) ( Fig. 1A and B) . The VMA N and VMA C fragments were, in turn, fused to either the FK506-binding protein (FKBP) or the FK506-rapamycin binding domain of mTor (FRB), respectively 11 ( Fig. 1B) . The splicing constructs were designated NSar-VMA N -FKBP and FRB-VMA C -CSar. In addition, we introduced an N28C mutation into the CSar fragment at the intein splice junction to satisfy the chemical requirements for VMA splicing. Before proceeding, we tested whether the N28C cysteine splicing 'scar' would affect a-sarcin toxicity by expressing a full-length N28C a-sarcin mutant in cultured mammalian cells. Expression of the N28C mutant in HeLa cells displayed similar toxicity to wild type a-sarcin, indicating this mutation is tolerated and not detrimental to function ( Fig. 2A) . Since the N28C product retains cytotoxicity, we next tested whether our designed constructs were able to splice full-length a-sarcin. We predicted the splicing constructs, NSar-VMA N -FKBP and FRB-VMA C -CSar, would not be toxic when expressed independently or when co-expressed. However, after addition of rapamycin, the VMA intein should reconstitute and splice NSar and CSar fragments together, forming functional a-sarcin (Fig. 1B) . We expressed NSar-VMA N -FKBP with an N-terminal 3xFLAG tag (Fig. 1C, construct 1 ). This enabled immunoblot detection of the precursor as well as any splicing end products. Splicing between construct 1 and FRB-VMA C -CSar (Fig. 1C, construct 2) was thus expected to produce 3xFLAG tagged a-sarcin. Constructs 1 and 2 were expressed in HeLa cells and treated with rapamycin at 37 1C. Construct 1 was readily detected (at 47 kDa) by immunoblot analysis of cell lysates, as were self-cleavage products at 30 and 20 kDa. However, we were unable to detect spliced 3xFLAG a-sarcin in rapamycin-treated cells (Fig. 2B) . We speculated the lack of splicing was attributed to a non-optimal incubation temperature. The VMA intein demonstrates increased splicing activity at temperatures below 37 1C. 31 Therefore, we lowered the incubation temperature of our experiments to 30 1C to determine if the elevated temperature of cultured mammalian cells (37 1C) was preventing a-sarcin splicing (Fig. 2B ). Even at the reduced temperature we did not detect any spliced product. To confirm the split VMA intein was functional, we generated splicing constructs comprising split green fluorescent protein (GFP) fragments. An N-terminal fragment of GFP (1-128) was fused to VMA N -FKBP (Fig. 1C, construct 3 ) and the C-terminal fragment (129-238) was fused to FRB-VMA C (Fig. 1C, construct 4) . The GFP split site, between residues 128 and 129, falls at the end of b-strand 6 and has previously been shown amenable to intein-mediated splicing in vitro. 23, 25 To facilitate splicing we introduced I129C and E125I mutations, as previously described. 23 Using constructs 3 and 4, GFP fluorescence was readily visible in the presence of rapamycin at the reduced temperature of 30 1C, whereas no fluorescence was detected at 37 1C (Fig. 2C) . Splicing of full length GFP was confirmed by immunoblot analysis using an anti-GFP antibody. Although the amount of spliced product compared to the amount of precursor is low, the detection of this band following SDS-PAGE indicates the fluorescence is likely from the spliced GFP protein (Fig. 2D) and not merely protein complementation of the GFP fragments. Analysis of cell lysates showed background fluorescence associated with construct 4, which contains the C-terminal fragment of GFP (Fig. 2E) . We detected fluorescence associated with construct 4 by flow cytometry, but it was not visible by fluorescence microscopy (Fig. 2C) . Importantly, this background signal does not increase when construct 3 is co-expressed in the absence of rapamycin, indicating fluorescence is dependent on rapamycin and splicing (Fig. 2E) . Together, these results indicated the VMA intein (in the context of GFP and a-sarcin) splices poorly at 37 1C, and the intein-a-sarcin splice junctions interfere with splicing.
To investigate the a-sarcin extein context at the splice junctions, we used splicing constructs 5 and 6 (Fig. 1C) , which are comprised of Maltose binding protein (MBP) fused to VMA N -FKBP and a poly-Histidine (polyHis) sequence fused to FRB-VMA C , respectively. These splicing constructs were used in the first demonstration of conditional protein splicing. 11, 19 As expected, we readily detected splicing of MBP to polyHis (Fig. 3A) . We next attempted to splice MBP to the CSar fragment (using constructs 5 and 2, Fig. 1C ) to determine whether the C-terminal splice site within a-sarcin was functional. The CSar fragment readily spliced to MBP, indicating the splicing defect was likely within the NSar extein (Fig. 3B) . To test this, we generated construct 7 (Fig. 1C) , in which the NSar fragment is fused to the VMA N through a 5 amino acid linker identical in sequence (EFLKG) to the splicing-permissive linker joining MBP and VMA N in construct 5. 19 Under these conditions, the 3xFLAG NSar fragment was spliced to the CSar fragment after rapamycin addition, and resulted in a slightly higher migrating band (>25 kDa) as expected from the additional amino acids provided by the linker (Fig. 3C) . Therefore, the extein sequence context contributed by the native NSar fragment is not suitable for splicing. Unfortunately, inserting the construct 5 linker sequence into a-sarcin significantly attenuated its toxicity, rendering it unsuitable for our purposes ( Fig. 2A) . Based on the above results, we designed a modified NSar extein, in which we eliminated the linker sequence, but introduced a mutation at the NSar residue immediately preceding the intein sequence (designated as the À1 position). We hypothesized the native glutamine found at this position in a-sarcin interferes with splicing and mutating it to glycine, as found in the linker, would improve splicing. 15 We first tested whether a full-length a-sarcin Q27G mutant (plus N28C) would retain cytotoxicity as a splicing end product. Introduction of Q27G/N28C into a-sarcin did not affect its cytotoxicity when expressed in HeLa cells ( Fig. 2A) . Therefore, Q27G was incorporated into the NSar fragment to generate construct 8 (Fig. 1C) . In cells transfected with constructs 2 and 8, rapamycin treatment resulted in the production of a spliced product at B23 kDa which co-migrated with a full-length 3xFLAG-a-sarcin electrophoretic standard (Fig. 3D) . We generated this standard by directly expressing full length 3xFLAG-sarcin from a plasmid in HeLa cells and lysing the cells under identical conditions used in the splicing experiments. Although a faint band at the same size was detected in cells treated with DMSO (Fig. 3D) , it was not detected in subsequent experiments ( Fig. 3E and F and data not shown), and we conclude it was cross contamination between lanes which occurred during loading. After confirming our system was capable of splicing a-sarcin, we next investigated the inducibility and timescale of splicing. The extent of conditional protein splicing should depend on concentration of the dimerizing agent (rapamycin in our system). 19 To determine whether the spliced a-sarcin product was dependent on rapamycin concentration, constructs 2 and 8 were expressed in HeLa cells and treated with various doses of rapamycin, followed by a two hour incubation. Anti-FLAG immunoblot analysis of cell lysates showed dose-dependent splicing activity; increasing amounts of the spliced product were detected with increasing rapamycin concentrations (Fig. 3E) . Splicing was detectable at as low as 0.1 nM rapamycin, and dose-dependence was observed between 0.5 and 10 nM. This compares well to previously reported rapamycinmediated splicing of MBP to polyHis. 11, 19 To determine the timescale of a-sarcin splicing, we repeated the experiment using 10 nM rapamycin, and prepared cell lysates at various time points over two hours. Immunoblot analysis showed the spliced product appeared within ten minutes of rapamycin addition and increased steadily over the two-hour period (Fig. 3F) . The analyses discussed above highlight features of the a-sarcin splicing system that are advantageous for a conditional cell ablation strategy, but we next investigated if the spliced a-sarcin product exhibited cytotoxicity.
Expression of a-sarcin in the cytoplasm of HeLa cells induces apoptosis. 32 However, the addition of an N-terminal 3xFLAG tag on a-sarcin significantly attenuates its cytotoxicity ( Fig. 2A) . 32 This feature permitted immunoblot characterization, but was not amenable for cell ablation. To address this, we generated construct 9, (Fig. 1C) which contained an untagged NSar Q27G fragment, and determined whether the levels of spliced a-sarcin were sufficient to kill cells. HeLa cells were co-transfected with constructs 2 and 9 and were incubated with 10 nM rapamycin, or DMSO. After 12 hours at 30 1C, cell viability was assayed. As shown in Fig. 4A and B, the addition of rapamycin, but not DMSO, induced apoptosis. Approximately 25% of the cells treated with rapamycin were apoptotic. Since the overall transfection efficiency was 36%, as determined by GFP expression (Fig. 2E) , an approximate 70% ablation efficiency of transfected cells was obtained. This level of apoptosis was not obtained when either constructs 2 or 9 were expressed individually with rapamycin, or when the constructs were co-expressed in the absence of rapamycin. Nor was the toxicity associated with expression of constructs 2 or 9, individually or together, above the apoptosis seen with the GFP splicing constructs (Fig. 4A and B) . The efficiency of apoptosis induction ( Fig. 4B ) and GFP fluorescence (Fig. 2E) were similar. This suggests that in cells not undergoing apoptosis, the lack of cell death is related to poor folding and stability of the intein constructs and not a-sarcin resistance. To further support the induction of apoptosis we observed was due to production of a-sarcin, we tested whether we could detect inhibition of protein translation that characteristically accompanies a-sarcin activity in cells. The toxicity of a-sarcin is linked to its ribonucleolytic action on 28S rRNA, which stops protein synthesis, and leads to apoptosis. To confirm spliced a-sarcin inhibited protein synthesis, we measured the production of a luciferase reporter after triggering splicing. Co-expression of constructs 2 and 9 inhibited luciferase production after rapamycin treatment (Fig. 4C) . No change in mRNA levels of the reporter were detected following rapamycin treatment (Fig. 4D) , confirming the decrease in luciferase activity was due to protein synthesis inhibition. In summary, the fact that with a single amino acid change to the NSar extein, a rapamycin-induced FLAG-tagged product was detected by immunoblotting and migrated at precisely the same size as 3xFLAG-sarcin, supports that this was a splicing product and not the result of cleavage and/or degradation. Furthermore, this conclusion is supported by the rapid kinetics and dose dependency of product production. 11 The trademark protein synthesis inhibition and accompanying induction of apoptosis seen with constructs 2 and 9 solely in the presence of rapamycin argues the observed cytotoxicity is due to correct splicing of a-sarcin. Taken together, our results show that cytotoxicity of a-sarcin can be regulated by conditional protein splicing.
Discussion
Our report describes the conditional protein splicing of a protein toxin, a-sarcin, in mammalian cells. We showed that by introducing two mutations, which do not affect cytotoxicity, a-sarcin can be split in two non-toxic fragments and quickly reassembled through rapamycin-mediated protein splicing in live cells. This has several advantages for cell ablation studies. First, a-sarcin is toxic in low amounts. 28, 29 Indeed, although we could not detect the untagged a-sarcin by immunoblot (data not shown), its cytotoxicity was still evident. Therefore, high efficiency splicing is not required. Second, a-sarcin induces apoptosis, in part, by inactivating the ribosome and inhibiting protein synthesis, and is toxic to both dividing and nondividing cells. Therefore, this ablation strategy is applicable to situations where targeting post-mitotic or quiescent populations is desired. Third, the timescale required for a-sarcin splicing is rapid. Compared to conventional promoter-driven expression, which typically requires 6-8 hours before protein can be detected by immunoblotting, spliced a-sarcin was produced within 10 minutes. Together, the low dose of rapamycin required and the low background splicing should allow researchers to better study kinetic and developmental questions. Although these features are advantageous, our investigation revealed important design considerations and potential obstacles. Fortunately, our study showed these obstacles can be overcome with molecular engineering. Identifying proteins amenable to splicing and choosing appropriate splice sites relies largely on informed guesses based on protein structures and empirical testing of several splice sites. Choosing splice sites that lie between defined domains is not possible when the target protein lacks distinct domains or is comprised of a single domain. Using its solution structure as a guide, 33 we chose to split a-sarcin between glutamine-27 and asparagine-28 to generate an N-terminal b-hairpin fragment and a C-terminal catalytic fragment (Fig. 1A) . Our rationale to split a-sarcin at this site was that deletion of the N-terminal b-hairpin produces a catalytically active, but non-lethal fragment. 34 The fact that the C-terminal fragment retains ribonuclease activity in the absence of the N-terminus implies that it can fold independently. 34 Despite presumed autonomous folding of the fragments, our initial attempt at splicing was unsuccessful due to intolerance of the native extein sequence contributed by the NSar fragment. The MBP-VMA N -FKBP and FRB-VMA C -polyHis splicing constructs were critical to identifying the defect as a non-permissive NSar extein residue and provided an easy method to diagnose splicing deficiencies. Although placement of a glycine at the À1 position is not essential and can be substituted with other amino acid residues, there has been some selection for this residue in VMA intein. 15 Substitutions at this position are thought to unfavorably shift the equilibrium of the splicing reaction. 15 Fortunately, the Q27G/N28C double mutation did not affect the toxicity of a-sarcin when directly expressed in the cytoplasm. Thus, with relatively minor changes it was possible to split a-sarcin into two fragments amenable to protein splicing. Strategies for evolving more promiscuous inteins that tolerate a greater diversity of extein sequences, as has been engineered for the Ssp. DnaB intein, should allow for easier adaptation of this method in the future. 16 In addition to the contribution of extein sequence, we also confirmed temperature significantly affects splicing efficiency. 31 We chose the VMA split intein for this study because the N-and C-terminal intein fragments show little self-association in the absence of a dimerizing agent. 11, 19 However, a major limitation to using the VMA intein was poor splicing at 37 1C. This appears to be contextual since the VMA intein/rapamycininducible system was previously shown to splice protein fragments at 37 1C in mammalian cells. 11 In this instance, intact MBP and polyHis peptide were used as extein fragments and, therefore, similar folding challenges associated with splitting a native protein were not encountered. Evidence of the instability of our intein splicing constructs could be seen in the selfcleavage product of approximately 20 kDa that was detected by anti-FLAG immunoblotting. The presence of this species was decreased at 30 1C (Fig. 2B) , suggesting improved stability at the lower temperature may account for the increase in splicing. The inability to splice at 37 1C currently restricts the applicability of our cell ablation strategy to cell culture or to organisms whose ambient temperature is 30 1C or lower. To overcome this limitation in the future, directed evolution could be applied to the VMA intein using NGFP-VMA N , CGFP-VMA C ,
and GFP fluorescence as a read out. A directed evolution strategy could also be used to improve the efficiency of splicing, which is currently about 70%. Indeed, several studies have already utilized direction evolution to improve splicing of various inteins 16, 21, 35 and we speculate our system can be improved by optimizing the intein sequence as well as the flanking a-sarcin sequences. [36] [37] [38] [39] Alternatively, using different inteins in the context of the FKBP-FRB system may circumvent this problem.
Conclusions
We have tested whether protein splicing could be exploited to inducibly activate the protein toxin, a-sarcin. After optimizing temperature and extein sequence parameters, we successfully spliced a-sarcin in cultured mammalian cells. Splicing was rapidly induced and dosable with rapamycin concentration. Additionally, translation inhibition and apoptosis were initiated following splicing of a-sarcin. These findings collectively provide a proof-of-concept for a conditional cell ablation strategy with potential applications in developmental biology or other studies requiring the rapid elimination of difficult-totarget quiescent populations of cells.
